Abstract: The polymerization behavior of 2-(2'-pyridyl) quinoxaline nickel dibromide/ Cp 2 ZrCl 2 /MAO system was investigated in three ways: the Ni catalyst was added rst, followed by addition of Zr catalyst (method I); the Ni and Zr catalysts were added simultaneously (method II); and the Zr catalyst was added rst, followed by addition of Ni catalyst (method III). Results of GC-MS, GPC, 13 C NMR and DSC investigations indicated that the properties of resulting polyethylene were greatly varied by changing feeding orders of the two catalysts. Decreasing Ni/Zr molar ratio or increasing polymerization temperature gave corresponding polyethylenes with less branches and higher melting point. Compared to the procedure using Cp 2 ZrCl 2 catalyst only, the activity of Zr catalyst in those combined system decreased because of the competition of ethylene between the [Ni-C] and [Zr-C] active centers. In addition, other zirconocenes were also employed as copolymerization catalysts in the combined system with nickel complex. Compared to Cp 2 ZrCl 2 case, the ethyl-bridged Zr catalyst performed better for polymerization of ethylene while the Si-bridged Zr catalyst showed better copolymerization ability.
Introduction
Driven by industrial application, the linear low-density polyethylene (LLDPE) has attracted much attention in past decades, because those polyethylenes could be easily manufactured to displace some commercial plastics which posed more problems for recycling or waste disposal [1] . Consequently many e®orts have been made to design novel and convenient catalytic systems for such polyole¯ns [2, 3, 4, 5, 6] . So far there are two ways to get the LLDPE: one is the copolymerization of ethylene and ®-ole¯ns by Ziegler-Natta catalyst or metallocene catalyst, the other is a catalytic system capable of simultaneously oligomerizing and copolymerizing sole ethylene. The latter was often constituted by two active sites for oligomerization and copolymerization with the same or di®erent catalysts. The attentions were drawn to combine group IV metallocene and titanium catalysts [7] , in which the two independent catalysts could synergistically work to produce the branched polymer with sole ethylene. In 1995, Brookhart group found that a single late-transition metal catalytic system could transfer sole ethylene to a high branched polyole¯n [8] , and also made a bright in°uence for ethylene oligomerization and polymerization by late-transition metal complexes as catalysts. Recently ethylene polymerization for branched polyethylene by combined catalytic system of two catalysts in-situ is becoming the new interest [6, 9, 10, 11] . The combination of zirconocene and late transition metal catalysts is relied on their same cocatalyst, methylaluminoxane (MAO). In addition, they could be operated under the similar catalytic conditions such as reaction temperature, monomer pressure and solvent. We reported the preliminary result of a catalytic system comprised of 8-aminoquinoline nickel dichloride and Cp 2 ZrCl 2 [12] . To scan such catalytic system, the new oligomerization catalyst with good activity and selectivity [13] , 2-(2'-pyridyl)quinoxaline nickel(II) dibromide, was used to combine with zirconocene catalysts. Herein the results of the combined catalytic system of the nickel and zirconocene catalysts (Figure 1 ) are reported.
Experimental

Materials and Analytical Procedures
Toluene was dried over 4 º A molecular sieves, then re°uxed with benzophenones over Na/K alloy under the nitrogen atmosphere. Methylaluminoxane (MAO) in toluene (10 wt%) was purchased from the Albemarle Co. (USA). Cp 2 ZrCl 2 and (DME)NiBr 2 were bought from Aldrich Co. (USA). Polymerization grade ethylene monomer was produced by Beijing Yanshan Petrochemical Co. (China) without further puri¯cation.
13 C-NMR spectra of polymers were recorded on a Bruker MSL-300 (Switzerland) in 1,2-dichlorobenzene-d 4 at 135ºC, and the branches were calculated according to Alexson's report [14] . GPC was measured on the Waters Alliance (USA), GPCV2000 system with trichlorobenzene as the solvent. DSC traces were obtained from the second scanning run on Perkin-Elmer (UK), Series 7 thermal analysis system at the heating rate of 10ºC min ¡1 under N 2 . The crystallinity of polyethylene were calculated according to the equation: 
Polymerization of Ethylene
In general, the polymerization was carried out in 200 mL Schlenck-type glass reactor equipped with magnetic stirrer. After evacuating air and moisture and re¯lling with nitrogen, the¯rst catalyst and 50 mL toluene were introduced into the reactor. The nitrogen in reactor was replaced several times by ethylene monomer. The cocatalyst MAO was added into the reactor to initiate ethylene catalysis. After half an hour, the copolymerization began with the addition of the second catalyst. A constant ethylene pressure was kept with continuous ethylene feed. After 60 min total reaction time, acidic ethanol (5% HCl in ethanol) was added to terminate the polymerization reaction at 0ºC. The transparent solution was measured by GC-MS (Shimatzu GC/MS-QP5050A spectrometer) to determine the by-produced oligomers, while the precipitated polymer was¯ltered and washed with ethanol for several times and dried under vacuum at 50ºC for 24 hours.
3 Results and discussion
Polymerization A®ected by Feeding Order of Two Catalysts
Along with cocatalyst MAO, the Cp 2 ZrCl 2 is a fair copolymerization catalyst [12] , and the 2-(2'-pyridyl)quinoxaline nickel dibromide is a good ethylene oligomerization catalyst for producing main C 4 along with C 6 ole¯ns [13] . When the ratio of catalysts Ni/Zr was¯xed, the Ni/Zr feeding order signi¯cantly in°uenced the properties of resulting polyethylenes. There are three ways to feed the two catalysts: the Ni catalyst was added rst, then Zr catalyst (method I); the Ni and Zr catalysts were added simultaneously (method II); the Zr catalyst was added¯rst, then the Ni catalyst (method III). The results of Tables 1 and 2 showed that the melting point and crystallinity of the produced polyethylenes are all lower than those obtained by pure Cp 2 ZrCl 2 . The polymer produced by method I has the lowest melting point (Entry 2, T m = 112.67ºC, ® c = 38.5) compared to the polymer produced by method III which has the highest melting point (Entry 3, T m = 130.79ºC, ® c = 55.2). The lower melting point of polyole¯n often means the higher branching value [4, 16] . In method I, more oligomers were produced due to the addition of the nickel catalyst at¯rst, consequently more oligomers were copolymerized to form polyethylene with more branches. In this method, the 2-(2'-pyridyl)quinoxaline nickel bromide produced oligomers in advance, and the reaction behavior of the catalytic system was just like the copolymerization of ethylene and ole¯ns. In contrary for method III, the high linear polyethylene will de¯nitely be present when the zirconocene catalyst was rst added, while less oligomers were formed to copolymerize with ethylene after adding the nickel oligomerization catalyst. In method III, the polyole¯n property is similar to that produced by pure Cp 2 ZrCl 2 , and a little oligomers were produced by the Ni catalyst. There are two possible reasons: polyethylenes formed by Cp 2 ZrCl 2 prevented di®usion of ethylene to Ni active sites, or the exothermicity of polymerization catalyzed by Cp 2 ZrCl 2 resulted to deactivate the Ni catalyst. In method II, little oligomers could be detected in the¯nal solution to con¯rm copolymerization of ethylene with the produced oligomers. In addition, the activities of the Zr catalyst in combined systems were lower than the single Cp 2 ZrCl 2 catalyst, which indicated that there was competition of ethylene between [Zr-C] and [Ni-C] centers. Accordingly it is more promising for the method I to produce highly branched polyole¯n from sole ethylene.
Moreover, the GPC graph of the polymer produced in method II showed two peaks in the curve (Figure 2 ). It showed that two kinds of active centers existed in the polymerization process along with the competition between the two catalysts of Ni and Zr. In methods I and III, the GPC curve of resulting polyethylene gave only one peak.
E®ect of Ni/Zr Molar Ratio on Polymerization
In the method I, the nickel (II) catalyst was added¯rst, and half an hour later the Zr catalyst was added. The Ni catalyst acted as oligomers provider, i.e. the more nickel(II) catalyst was used, the more oligomers were presented in the catalytic system. The concentration of the oligomers could control the behavior of the copolymerization [14] . In Table 2 , the entries 2 and 4-10 showed that the melting points and crystallinities gradually decreased as the Ni/Zr molar ratio were increased. When the Ni/Zr molar ratio was higher than 1:1, however, the T m was slightly°uctuated. The branches of polymers increased with increasing the Ni/Zr molar ratio, this was consistent to their NMR results. For example, the branches of resulting polyethylene was 11.8 when the Ni/Zr molar ratio was 2:7 ( Figure 3) , and increased to 14.8 for the Ni/Zr molar ratio of 9:2 ( Figure 4) . The 13 C NMR results ( Figures 3 and 4) showed that the branches were mainly ethyl [11] , which con¯rmed mainly butylenes formed by the Ni catalyst. According to Table 2 , the activity of the Zr catalyst has higher activity in higher Ni/Zr. For example, 1.4 £10 6 gPE/mol¢h was observed with Ni/Zr 19:1, which could be explained as the \comonomer e®ect" [17] . In addition, the change of the Ni/Zr molar ratio had also a®ected the M w /M n distributions with values varying from 2.10 to 4.91.
E®ect of Polymerization Temperature
The reaction temperature has also been adapted in order to examine the e®ects on the activity and the copolymerization behavior of the catalyst [4] . In Entries 13, 14, 2 and 15 (in Table 3 ), the reaction temperatures were ranged from -10ºC to 50ºC. Along with increasing reaction temperature, the polymerization activity, the melting point and crystallinity of resulting polyethylene were increased, in addition, those results implied the decreasing of branching value. Therefore the Ni catalyst got better capacity to oligomerize ethylene under lower temperature with two probable reasons: the decrease of ethylene solubility or catalytic deactivation at higher temperature. There was no oligomer detected in the¯nal solution, therefore the Cp 2 ZrCl 2 could thoroughly turn the oligomers produced by the Ni catalyst into copolymer at -10ºC, 0ºC and 50ºC.
The E®ect of the Di®erent Structure Zr Catalysts
The bridged zirconocene catalysts ( Figure 1) were also investigated in similar combination system. The results listed in Table 4 showed that the ethyl-bridged Zr catalyst (3) gave higher activity for ethylene polymerization, while the Si-bridged Zr catalyst (4) showed stronger copolymerization ability according to lower melting point and crystallinity of the resulting polyethylene [16] .
Conclusion
Polyethylene has been produced and modi¯ed by using Cp 2 ZrCl 2 and 2-(2'-pyridyl)--quinoxaline nickel dibromide in situ combined catalytic system. The results showed that the corresponding polyole¯ns with low melting point, low crystallinity and more branches were obtained by adding Ni catalyst¯rst and Zr catalyst second. The melting point and crystallinity of the polyethylene decreased with the increase of the Ni/Zr molar ratio as well as the decrease of the polymerization temperature. Compared to Cp 2 ZrCl 2 catalyst in the combination system, the ethyl-bridged Zr catalyst had higher activity for ethylene polymerization, while the Si-bridged Zr catalyst gave stronger copolymerization ability behavior.
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